An analytical model is used to predict the temperature reached in a spot heating experiment driven by a heavy ion beam. A discussion of physical processes and approximations is included.
Spot Heating with HTE
The High Temperature Experiment(1,2) (HTE) is needed to establish an adequate data base before one can proceed with confidence to a larger-scale application of accelerator technology to Inertial Confinement Fusion.
Although HTE is primarily considered to be the focal point for development of the high current heavy ion accelerator technology, it is also intended to test several other important aspects of ICF specific to ion drivers. Three general categories of concern are addressed: 1. The handling of high ion currents during acceleration, bunching and final focus.
2. Final transport to the target: neutralization, stability, spot size, multi-beam interaction.
Material interaction:
depositional anomalies, hot electron generation (if any), stability in the plasma plume, target charge-up.
Questions related to pellet and reactor chamber design are considered to be nearly decoupled from driver type, and are not addressed by HTE.
Simple spot heating experiments are considered adequate to address the issues of material interaction. A target(3} might be arranged as shown in Fig. 1 . Roughly speaking, the goal is to raise a solid density target to temperatures of 50-100 eV using an accelerator driver type which can be extrapolated to reactor level parameters. This temperature range is considered sufficient to test material interaction characteristics, e.g., to discover any unknown difficulty associated with heavy ions. The target material need not be solid in the usual bulk sense --felted Al of~1/10 normal den- The present report is intended to provide the HTE design study with a convenient calculation of spot heating temperatures.
It is based on a simple model that includes only particle range, beam irradiance, radiation loss, and specific energy of the target material. A~ydrodynamic disassembly scale time is estimated.
II. The Heating Equation
The temperature rise is evaluated by solving the rate equation ( Bo1tzmann 1aw for surface emissi on. In real ity there must be radiation transport from the target interior (which is at a higher temperature), and emission from a surface layer.
The assumption of surface emission and constant interior temperature is crudely valid if the particle range equals the 6 optical depth.
There is no way of assuring this to be the case in general, and it is expected that the target will be optically thick for the cases of current interest. Further calculations made with LASNEX seem called for here.
If the optical depth is greater than the particle range, cooling will be more rapid than assumed.
If the optical depth is shorter than the range the deep interi or of the target wi11 reach a hi gher temperature than predicted, but it will not be readily observable. In this case the observed temperature is characteristic of that at about one optical depth and should be slightly lower than that given by the point model. (3) (c) Thermal Conduction
This mode of cooling and transport is estimated to be small, with a characteristic time on the order of several )JS. The dominant carri ers of heat are the copious free electrons, but due to their high collision rate with ions the net heat flux is small.
(d) Variation of Energy Deposition with Depth in Target
The main effect is the increased deposition rate as the ions slow near the end of their range (Bragg peak)
where Eo is the initial ion energy and~is its range in cm. This causes factors of 2-3 variation in temperature with depth (x) during the early phase of heating. However, radiation transport smooths the temperature at later times and an effective deposition rate is There is a corresponding expansion wave which moves into the target at approximately the local speed of sound, C (6) s' Unt i 1 t his wavere aches the u1t i mate ion range there is at least a portion of the target which is undisturbed by expansion. We therefore define a disassembly time which is the ion range (in cm) divided by the mean speed of sound during deposition:
Here Z* is the mean ionization state of the target and T is its temperature when heating is 50% complete. Mo is the target part i c 1e mass, and p is its mass density.
Disassembly times are typically on the order of 10-50 ns, and may be lengthened by decreasing p. However, £ should not be be allowed to reach a value greater than about twice the beam radius, since irradiance is produced by multiple beamlets covering a significant fraction of a hemisphere.
The~ompetition between these criteria strongly drives HTE in the direction of high irradiance.
A preliminary study made with LASNEXindicates Td is a conservative measure by as much as a factor of two (5) is not a simple function of temperature.
Generally the increase with temperature is more rapid than linear, until are tabul ated here (Tab1e 2). Generall y the Ze1dovi ch and Rai sor method
gives agreement with these to within 10%.
A power law fit to the numerical results obtained for Aluminumyields
with T given in eV and p in gm/cm3. There is no systematic error in the range 10 < T < 150 and 10-2 < p < 1.0, and random errors are on the order of 15%.
The calculation of £(T) for Be and Au indicates that high atomic number targets yield a somewhat higher temperature for a given energy deposited;
this results frDm their lower degree of ionization as a fraction of Z at a given temperature. However, for several reasons a high atomic number target is not the preferred choice:
the particle range is increased, there may be problems in making a suitable "felt metal", and the Pb tamper will be less effective. 
It is assumed that S(t) rises in some specified way from zero to a plateau val ue Sf'
where it is held for the duration of the experiment. The
shut-off of S(t)
is not cons idered to be of interest, and is not well treated by Eq. (7), since other factors mentioned in Section III playa large role at late times.
A scale temperature 
We introduce the dimensionless variables
Eq. (7) which is displayed in Fig. 3 . Note that in time T, T reaches 96% of
Tf. At early times T/Tf~[(3/2)(t/T)]2/3.
If T has reached Tf and S is suddenly turned off at time to' the subsequent decay of T is given by The integral on the left of Eq. (18) replaces tIT when using Figure 3 .
VI I. Tabulation of Results
In this section we restrict attention to the ideal pulse having zero ri se 1ength, so the formul as derived for Tf' T , and Td have a s imple interpretation. A 1arge collection of interconnected parameters are available for survey studies, and the procedure adopted here only covers a small set of possible variations. Specifically:
(1) The target is felted Al, with specific energy give by Eq. (5).
(2) Particle type, energy (E), total particle current (10)'
beam edge radius (a), and pulse length (Tp) are specified.
(3) Beam power (P), pulse energy (W), and irradiance (Sf) are derived from the specified quantities.
(4) Particle range (R) is derived using Eq. (3).
(5) The depth of penetration (t) is set equal to twice the beam radius in order to get the longest disassembly time consistent with a (-30°) angular cone of irradiation.
(6) The target density is derived from the range and depth of penetration.
(7) The "final temperature" (Tf) is derived using Eq. (8).
(8) The radiation scale time (T) is derived with Eq. (9) [Eq. (6) gives the required value of C.] In time T the temperature reaches 96% of Tf. 
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This may strain focal requirements but it reduces total pulse energy. 
-(.01)(E/51.5)1.55 
The numerical factor of (V2) in Eq. (27) results from using Tf and Z; instead of mean values, and the factor of (W) reflects ,the mass * number of Al (= 27). The value of Zf may be inferred from Table 2 .
Results derived for Na+ and C+ beams are compiled in Table 3 . All cases displayed correspond to plausible HTEparameter sets.
The desirability of .05 cm radius rather than .1 cm is obvious, but this will be difficult to achieve due to the smaller required momentumspread at the final lens. Less clear is a choice between C+ and Na+. The former would be preferred on the basis of the lower kinetic energy. However, the larger currents required for high irradiance may be very unattractive when the economics of transport are cons i dered .
VIII. Comparison with LASNEX
A spot heating study reported by Mark et al. (3) demonstrates the features of temperature rise and disassembly described in the present report.
Their assumed parameters for the most detailed case described are The latter value is approached very closely (235 eV) at a depth of 0.025 cm.
More generally, surface temperature is reported to be -20% below the peak interior value.
A dramatic fall-off of surface temperature which appears for time greater than 2.3 ns is attributed to disintegration of the surface by hydro- table of specific  energies (Table 2) , this gives good agreement with the LASNEX value of -180 eV (Fig. 4) .
T~200 eV, in
In conclusion, the published LASNEXrun is an order of magnitude higher in power/cm2 and half an order smaller in radius than the assumed HTE parameters.
However, the results can be quantitatively understood using the model described here, which in fact parallels the discussion of Ref. 8.
We also report here a LASNEX run which is typical of currently assumed Comparison of these numbers with the LASNEX generated plots reveals several interesting discrepancies. Fi rst, the peak LASNEX temperature is about 85 eV, but it follows a broad 80 eV plateau reached after only 12 ns.
These temperatures are significantly higher than those predicted by the simple model at early times. A possible resolution is that shock heating of the emitting zones has occurred. A second point is that disassembly is clearly taking place by the pulse end (see Fig. 9 ), but it has little effect on the peak temperature.
28
. -.. 32 ""'1"'"""'" """'"""""'""'""""'" ""'""'1'" '1' """.
. 
